problems, and hence provides a new perspective in solving these problems.
DNA Sequence Assembly
Assembly of short DNA fragments (500-1000bp) generated by shotgun sequencing is a widely used technique for sequencing large genomes, including the human genome. The most popular framework of DNA fragment assembly algorithms in the past 25 years is the "overlaplayout-consensus" approach. All high quality DNA fragments are first compared to each other for possible overlaps; then a layout is made by arranging all DNA fragments into relative positions and orientations according to the overlap information; finally a multiple alignment is computed to obtain a consensus sequence that will be used as the genomic sequence. The main difficulty with this framework in addition to the computation required, comes from the fact that genomic sequences always contain large amount of repeat regions accumulated along their evolutionary history. In particular, repeats that are longer than the fragment length and have > 98% identity are hard to distinguish from true overlaps, and hence finding a correct path in the layout step is difficult. (Pevzner et al. 2001b ). Instead of building an overlap graph in the traditional "overlap-layoutconsensus" framework, the Eulerian path approach builds a de Bruijn graph that represent all fragments and their relationships in a much simpler way. In addition, the difficulty resulting from the repeats and sequencing errors often are much easier to conquer in the de Bruijn graph structure.
Assume a DNA sequence consists of four unique subsequences that are separated by one triple repeat, as shown in figure 1a. The traditional "overlap-layout-consensus" approach builds an overlap graph by regarding every fragment as a vertex, and two vertices are connected if two corresponding fragments overlap. Figure 1b shows the overlap graph in our example. The assembly problem is thus finding a path in the overlap graph that visits every vertex exactly once, a Hamilton path problem that is well known NP-complete. On the contrary, the Eulerian path approach breaks all fragments into k-tuples and builds a de Bruijn graph as described above (figure 1c). A conceptually ideal de Bruijn graph is shown in figure 1d , a much simpler representation of repeats than the overlap graph. The most important advantage of this representation is that the assembly problem is now finding a path that visits every edge exactly once, an Eulerian path problem that has linear-time solutions (Fleischner 1990 ).
The implementation of the Eulerian path approach to DNA fragment assembly problems is called EULER. Traditional algorithms postpone the error correction until the last consensus step, while EULER applies error correction at the beginning of assembly (this is the innovation of Pevzner et al.). Without knowing the finished genomic sequence or even the layout of fragments, error correction is still possible by approximating the k-tuple spectrum and the result is usually accurate enough. After error correction, EULER constructs a de Bruijn graph, and stores the fragment information in corresponding edges. This fragment information is the fundamental difference between EULER and SBH where such information is unavailable. EULER's superpath idea can successfully solve many repeats by using fragment information. Finally, EULER outputs an Eulerian path from the de Bruijn graph that represents the finished genomic sequence.
Error Correction
Sequencing errors make the de Bruijn graph a tangle of erroneous edges, thus very difficult to solve. EULER's error correction procedure reduces 97% errors from the original DNA fragments and makes the data almost error-free. The idea is based on an approximation to the spectrum of real genomic sequence, i.e. to find a collection of k-tuples all of which are from the genomic sequence instead of sequencing errors. With sequencing errors, many k-tuples are erroneous and many "true" k-tuples are missing. EULER calls a k-tuple solid if it appears in more than M fragments, otherwise it is a weak k-tuple.
The error correction problem is thus to transform the spectrum of the original DNA fragments into the spectrum of a genomic sequence by changing weak k-tuples to solid k-tuples. Without knowing the real genomic sequence, one natural criteria of error correction is to minimize the total number of distinct k-tuples in the spectrum. One error in a fragment will create at most 2k (including the reverse complement part) erroneous k-tuples in the spectrum, or 2d (d<k) if the error appears near either end of a fragment so that at most 2d k-tuples can be affected. EULER uses a greedy approach to look for error corrections that reduce the number of weak k-tuples by 2k or 2d.
The Neisseria meningitidis (NM) sequencing project (Parkhill 2000) , one of the most "difficult-to-assemble" and "repeat-rich" bacterial genome completed so far, was used to demonstrate the efficiency of Define a repeat structure a path P v 1 →v n = v 1 · · · v n in the graph, where One feature of the Eulerian superpath approach to the DNA sequence assembly problem is that it uses rather than struggles with the imperfect repeats. By superpath transformation, most imperfect repeats will eventually be separated into different paths. By using the lineartime Eulerian path algorithm, the Eulerian approach has the potential to assemble larger eukaryotic genomes in the future. 
Construction of De Bruijn Graph

Superpath Transformation
indegree(v 1 ) > 1, outdegree(v n ) > 1, indegree(v i )=outdegree(v i ) = 1,
Motivation
EulerAlign takes the Eulerian path idea that builds all sequences into a de Bruijn graph, and then extracts the graph information to do the multiple sequence alignment. Recall the process of a sequence assembly project, where genomic sequences are broken into short pieces and these pieces are then randomly cloned to build a library of short DNA fragments. All fragments are sequenced and input into a DNA fragment assembly program to reconstruct the original genomic sequence.
A global MSA problem is a special DNA sequencing project ( figure   3 ), where the "genome" is short enough to be sequenced directly, but the "sequencing machine" makes a very high rate of errors.
The Eulerian path approach for the DNA assembly problem requires the input fragment to be "error-free", where EULER did this by an error-correction procedure. In a MSA problem, however, there could be thousands of sequences to be aligned, and the genetic differences among the sequences result in many "errors" compared with sequencing errors. Thus, the error-correction as used in EULER will be help- 
Graph Transformation and Consensus Alignment
The initially constructed graph contains cycles due to repeats and random matches, but an optimal heaviest path is acyclic in the graph. 
Application on Arabidopsis Sequences
Arabidopsis thaliana is widely used as a model organism for genetic study in plant biology. As an application on real genomic sequences, we used EulerAlign to construct alignments for several sets of short To reduce base-calling errors, each individual is sequenced from both forward and backward strands, and each base-call has a quality value assigned by Phred (Ewing and Green 1998) . Because the forward and backward pairs represents the same genome region, any discrepancy between them indicates that at least one of two base-calls is wrong.
Our experience shows that the base-calls in two strands are asymmetric, that is, base-calls in one strand tends to make certain errors more frequently than in the other strand. All sequence pairs (forward and backward strands) are combined together by Phrap (Green 1994 ) according to their quality values before doing multiple alignment.
Poor quality values are often assigned as the base-call approaches the end of sequences, and occasionally outlier sequences are generated by wrong PCR-amplification. Regions with low quality values in each sequence are not trimmed or discarded before doing alignment, and hence informative segments can be found even they have low qualities.
Since the quality values within and among sequences are highly variant even after the combination of two strands, we must incorporate the quality values into the computation to avoid misalignments due to low quality regions.
We use ClustalW version 1.83 as the reference program. For methods of how quality values are used in EulerAlign and ClustalW, please refer to our previous paper (Zhang and Waterman, 2003) . We tested 20 sequence sets, including both good sequence sets and bad sequence sets where up to 18% sequences are either in very poor quality (< 20 in average after combining both strands) or outliers. The parameters for both EulerAlign and ClustalW are tuned "optimal" by human effort. By optimal we mean the best scoring functions and utilization of quality values for all 20 sequence sets, not individually. All alignments using ClustalW with quality values are done by Tina Hu, at USC.
We used a modified version of sum of pair scores to evaluate alignments from both programs. The scores are adjusted according to the quality value of each letter. For example, the mismatch penalty of two low quality letters is smaller than the penalty of two high quality letters. To test the robustness of EulerAlign, we also computed the alignments by both programs without using quality values, i.e., poor quality sequences and outliers are equally considered with high quality sequences. The sum of pair scores for these alignments are, of course, not adjusted by quality values. Table 1 shows the comparison.
We use similarity scores so that the level of pairwise identities of each sequence set can be inferred from the relationship between sequence lengths and scores.
We found that the performance of both programs are comparable after tuning the alignment parameters and using quality values when doing alignment. ClustalW wins in 11 sequences sets whereas EulerAlign wins in 9. By checking the alignments, we found the major alignment EulerAlign is an efficient alignment tool for mutiple DNA sequence alignment. By incorporating additional information, such as quality values, EulerAlign is able to provide a fast and sensitive way for automated re-sequencing analysis in many biological applications.
Discussion
The Eulerian path approach is an efficient and accurate solution to 
